Numerous studies have been conducted in recent years on the partial oxidation of methane to synthesis gas (syngas: CO + H2) with air as the oxidant. In partial oxidation, a mixed-oxide ceramic membrane selectively transports oxygen from the air; this transport is driven by the oxygen potential gradient. Of the several ceramic materials we have tested, a mixed oxide based on the Sr-Fe-Co-0 system has been found to be very attractive. Extensive oxygen permeability data have been obtained for this material in methane conversion experiments carried out in a reactor. The data have been analyzed by a transport equation based on the phenomenological theory of diffusion under oxygen potential gradients, Thermodynamic calculations were used to estimate the driving force for the transport of oxygen ions. The results show that the transport equation deduced from the literature describes the permeability data reasonably well and can be used to determine the diffusion coefficients and the associated activation energy of oxygen ions in the ceramic membrane material.
I. INTRODUCTION
Upgrading of natural gas, which contains mostly methane, to value-added products requires an intermediate step that involves the manufacture of syngas (CO + Hz). Apart from technical considerations, production of syngas constitutes an important step because ==40-50% of the process capital cost arises from the syngas manufacturing plant itself. The most commonly used process used to convert methane to syngas is steam reforming,l but the reaction of methane with steam is strongly endothermic, has poor selectivity for carbon monoxide, and demonstrates other characteristics that make this process less attractive from a process-efficiency standpoint. Therefore, recent efforts have focused on partial direct oxidation of methane with air as the oxidant. This reaction is exothermic and exhibits better selectivity, and thus yields a more desirable H2/CO ratio.
In a joint R&D effort between Amoco Exploration/Production and Argonne National Laboratory, we have shown2 that oxygen from air can be transported through a dense ceramic membrane tube (extruded from a ceramic oxide based on the Sr-Fe-Co-0 system) that is subjected to an oxygen potential gradient at an elevated temperature. The process requires neither cryogenic separation of undesirable nitrogen nor an oxygen plant, which adds significantly to the capital cost of the overall process. Several investigators3-.7 have reported ceramic-membrane reactor concepts in which oxygen from air migrates through a dense membrane by diffusion, without the use of an externally applied potential. These investigators have also reported that high oxygen flux is achieved as a result of high diffusivity of oxygen through the membrane. For use in commercial applications, the membrane should have sufficient chemical stability and mechanical integrity at elevated temperatures.
The simple process concept is shown in Fig. 1 , a schematic representation of oxygen transport through a mixed-conducting Iceramic membrane. Oxygen ions are driven from the higher-omgen-pressure air side p02 to the lower-oxygen-pressure side of the membrane pO2, whereas electrons are driven in the opposite direction. Oxygen transported from the air side through the membrane reacts with methane on the lowoxygen-pressure side of the membrane to form syngas. The flow of air and Ar + CH4 in the tube can be reversed, i.e., air can flow inside the tube and Ar + CH4 can be on the outside.
Syngas is then converted to other value-added products such as methanol and liquid hydrocarbons.
Of several mixed-conducting ceramics (mostly belonging to the perovskite family) that we investigated, a new material based on the Sr-Fe-Co-0 system (SrFeCoo.5OX, nonperovskite) has emerged as a potentially attractive candidate material;8 it is designated SFC-2. Several plastic-extruded and sintered, dense, thin-walled tubes were successfully tested in methane-conversion reactors for >lo00 h. This candidate material withstood the hostile experimental conditions much longer than many of the materials we have tested. In addition, the high oxygen flux produced by the oxygen potential gradient makes the ceramic membrane suitable for commercial applications. Extensive results on the oxygen permeability of SFC-2 have been obtained a t different temperatures and over a range of ffow rates and feed gas compositions. Limited experiments on tubes with various wall thicknesses suggest that oxygen transport through the membrane is not controlled by surface reactions because permeation increased with a decrease in thickness. In this report, we have assumed that oxygen ion movement is controlled by diffusion and not by surface-controlled reactions.
I t is not convenient to use some of the existing models9.10 of oxygen transport to describe our data. Therefore, to deduce a simple oxygen transport equation, we have used the phenomenological theory of diffusion in mixed conducting materials,"-I4 in conjunction with relevant fundamental relationships generally used to describe the transport of charged particles. This oxygen transport model permits us to determine diffusion coefficients and activation energy from oxygen permeability data.
n. OXYGEN TRANSPORT IN AN OXYGEN POTENTIAL GRADIENT
The basic premise of the transport of any charged particle in a solid is electrochemical potential. In oxides that contain charged particles (electrons and oxygen ions), the electrochemical potential of particles of type i, qi (either electrons or oxygen ions), is defined as where pi is the chemical potential, Zi is the valence of the charged species, F is the Fareday constant, and cp is the local electrical potential. The partial current density of charged species i is formally represented by12- 13 where Gi is the electrical conductivity. Application of Eq. 2 to oxygen ions and electrons leads to the partial current density of oxygen ions given by13
and. similarly, the partial current density of electrons is represented by Ramanarayanan et al. 13 applied Eqs. 3 and 4 to a system where oxygen gas. electrons, and oxygen ions are in equilibrium and showed that the current density of oxygen ions is represented by dP02 where the partial current density is proportional to the chemical potential gradient, -d x ' Simplification of Eq. 5 yields
The electrical conductivity and diffusion coefficient of charged species i are related by the Nernst-Einstein equation where Di is the diffusion coefficient, Ci is the concentration of the diffusing species, R is the gas constant, T is temperature in Kelvins, and Z i = 2 for oxygen ions. Substituing the Nernst-Einstein equation in Eq. 6 and converting the oxygen current density to oxygen ion flux. we obtain D*2-C02-
Jo2-= For a thin-walled ceramic tube, when oxygen ion migration occurs in an oxygen pressure gradient, Eq. 8 can be further simpwied to where L is the thickness of the tube and Den is the effective diffusion coefficient of oxygen ions, which is defined as15
It can easily be seen that, in mixed-oxide conductors, when electronic conductivity is appreciable when compared with ionic conductivity, the local electric field is small. Thus, the effective diffusion coefficient is closer to the diffusion coefficient of oxygen ions. If electronic conductivity is lower than ionic conductivity, the local electric field is large and oxygen ion migration is impeded by this field. For SFC-2, the transference number for oxygen ions in air at 800°C is ~0.41 so that the difference between D,Sand Ds2-is approximately within a factor of 2. 16 Therefore, although transport Eq. 8 contams electronic and ionic conductivity, the values of the conductivity terms are not required and the phenomenological approach enables the determination of the effective diffusion coefficient (approximate diffusivity of oxygen ions in SFC-2) and its temperature dependence from the oxygen permeability data obtained in a methane-conversion reactor, as described below.
III. EXPERIMENTAL RESULTS
As mentioned earlier, extensive oxygen permeability data have been obtained for a dense ceramic tube extruded from SFC-2. Density of the sintered tube is >92% of theoretical. The outside diameter is 7 mm and the wall thickness is 0.75 mm. A quartz reactor configuration (Fig. 2) supports the SFC-2 ceramic-membrane tube with hot l?yrex seals. This design allows the SFC-2 tube to be in an isothermal environment so permeability data can be obtained at a specified temperature. To facilitate reactions and equilibration of gases in the reactor, 2.5 g of catalyst are loaded adjacent to the tube. A gold wire mesh is wrapped around the tube to prevent a solid-state reaction between the reforming catalyst and the SFC-2 tube. Total exposed surface area of the membrane is 4.4 cm2. The reactor system is completely automated for sampling and analyzing the effluent gases. Samples were injected every 8 h into a Hewlett-Packard 5890 gas chromatograph.
The reactor was mounted in the unit and heated to 1000°C without gas flows on either side of the membrane. This step was necessary to ensure leak-free Pyrex seals. Once the springs compressed the plunger into the receiver, thereby forcing the Pyrex into a gastight seal, the furnace could be cooled to the desired operating temperature. However, the operating temperature must not be <750"C because the Pyrex will start to delaminate from the SFC-2 and begin to leak. Control thermocouples were positioned at the top, middle, and bottom of the ceramic tube. Once the temperature was stabilized, air was introduced into the reactor by passing it at ~1 . 2 L/min (Fig. 2) . The shell side of the membrane was then purged with helium. Leaks were detected by monitoring the helium for nitrogen. Fuel gas (80% methane and 20% argon) was introduced at a flow rate of 10 cm3/min. The argon in the fuel gas was used as an internal standard. A large exothenn was observed when the fuel contacted the membrane; at that time, fuel flow is adjusted.
Syngas is produced according to the following reaction:
Reaction products consisted predominantly of syngas, argon (used as the internal standard), carbon dioxide and unreacted methane. Data were collected 24 min from the start of the experimental run, and samples are taken every 8 h thereafter. The set-point temperature was changed to obtain different temperatures and the flow rate was adjusted to maintain conversions of >80% except near the end of the experimental run. The carbon monoxide selectivity (deflned as the mole % of carbon monoxide divided by the total amount of carbon, multiplied by 100) remained near 100% throughout the entire run. While the H2/CO product ratio ranged from 1.7 to 2.0, carbon balance varied by only 5% over a period of 1000 h. The data included in the analysis were obtained under steady-state conditions.
IV. ANALYSIS OF RESULTS
To estimate oxygen ion diffusivity, equilibrium oxygen pressure on the reduction side of membrane is required. The PO, on the methane side is calculated from the gas composition with SOLGAS, 17.18 a computer program for determining the equilibrium phases in a system based on minimization of free energy. It is assumed that all of the oxygen transported through the membrane is consumed in the methane conversion to syngas. These are thermodynamic equilibrium calculations, but they are adequate for our purposes. For example, the results of one experiment at 1165 K, normalized to the starting amount of argon, indicate that the total amounts of carbon and hydrogen were 2101.3 and 99.7%. respectively, of the amount in the feed gas. These results are within the experimental error.
in Table I , results of the SOLGAS computations are compared to experimental results. The experimental results were normalized to exactly 21.24 moles of argon, which was the input quantity. The computed p 0 2 was 3.55 x atm, which yields an oxygen potenEal of -478.2 kJ/rnole. As can be seen from Table I , agreement between the computed equilibrium composition and the e.xperimenta1 results is good. Thus, the driving force for oxygen transport can be calculated (oxygen pressure on the air side is 20.21 atm) and used in the above model. The concentration of oxygen ions in the SFC-2 lattice is estimated from its density (5.1478 g cm-3) and the molecular formula and is found to be equal to 0.0349 moles/cm3. I t should be noted that diffusion coefficient is expressed in cm2/s. The units of oxygen ion flux Jo2-in Eq. 9 can be arbitrarily chosen (for example, moles/cm2/s or cm3/cm2/s), but the units of oxygen ion concentration must then correspond.
The SOLGAS calculations showed that the driving force is weakly dependent on temperature (Fig. 3) and is assumed to be approximately constant. The temperature dependence of the diffusion coefficient (Fig. 4) h a l y s i s of the oxygen permeability data we have described in this report is expected to be useful in modeling studies that estimate total oxygen consumed, and hence the total amount of syngas produced, for a given configuration of the reactor as functions of temperature and wall thickness. For example, we can consider the syngas production rate from a flat multichannel strip and a tube extruded from SFC-2 and sintered, in particular, a flat, 25.4-cm-long, 2.21-cm-wide multichannel strip with a 0.02-cm-thick wall and a tube (outside diameter = 0.67 cm and wall thickness = 0.08 cm). Noting that each mole of oxygen consumed in the methane conversion produces six times the amount of syngas in accordance with Eq. 11, we can calculate the production rate of syngas as a function of temperature for the two conceptual reactor configurations; results are shown in Fig. 5 . We emphasize that in these estimates, it is assumed that oxygen flux is inversely proportional to wall thickness. If the increase in oxygen flux as wall thickness is reduced is greater than that indicated by the relationship between the two quantities in the oxygen transport equation, the estimate of syngas production rate for the flat multichannel strip becomes conservative. Controlled experiments will be performed to gain an understanding of the effects of thickness and driving forces on oxygen permeability. 
V. SUMMARY AND CONCLUSIONS
To describe the oxygen permeability data obtained for a ceramic tube subjected to oxygen pressure gradients, we have used the phenomenological theory of diffusion in mixed-conducting materials, where the basic premise of transport is electrochemical potential. I t is observed that the experimental results can be described reasonably well by the following transport equation:
where J 2-is p e oxygv ion flux, L is the wall thickness, c02-is the concentration of oxygen ions, p02 and p02 are the partial pressures on the air and methane side, respectively, and D,g is the effective diffusion coefficient of oxygen ions and contains both electronic and ionic conductivity terms. However, for the material under investigation, Deff = D02-and thus the diffusion coefficients and the associated activation energy are determined. To estimate oxygen ion difhsivity, equilibrium oxygen pressure on the reduction side of membrane is required. This oxygen pressure is calculated from gas composition with the computer code SOLGAS. The agreement between the computed equilbrium composition and the experimental results is good. The temperature dependence of the diffusion coefficient yielded an activation energy of 156 kJ/mole for SFC-2; this is within the range of values reported for several perovskite-structure oxides.
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